Deep mutational scanning has been used to create high-resolution DNA sequence maps that illustrate the functional consequences of large numbers of point mutations. However, this approach has not yet been applied to libraries of genes created by random circular permutation, an engineering strategy that is used to create open reading frames that express proteins with altered contact order. We describe a new method, termed circular permutation profiling with DNA sequencing (CPP-seq), which combines a onestep transposon mutagenesis protocol for creating libraries with a functional selection, deep sequencing and computational analysis to obtain unbiased insight into a protein's tolerance to circular permutation. Application of this method to an adenylate kinase revealed that CPP-seq creates two types of vectors encoding each circularly permuted gene, which differ in their ability to express proteins. Functional selection of this library revealed that >65% of the sampled vectors that express proteins are enriched relative to those that cannot translate proteins. Mapping enriched sequences onto structure revealed that the mobile AMP binding and rigid core domains display greater tolerance to backbone fragmentation than the mobile lid domain, illustrating how CPP-seq can be used to relate a protein's biophysical characteristics to the retention of activity upon permutation.
INTRODUCTION
Deep mutational scanning can be used to analyze the functional consequences of many mutations on a protein in parallel (1) (2) (3) (4) . By quantifying library sequence diversity before and after selecting (or screening) a library for proteins with specific functional characteristics, this approach is increasingly used to determine how a selection alters the relative abundances of many mutants sampled in a single experiment. Changes in sequence abundances can be used to calculate a fitness score, which estimates the relative biological activities of each protein (5) (6) (7) . The generation of such large-scale mutational data has yielded sequence-function maps that assist with understanding residue-level contributions to protein solubility, protein-protein interactions and enzymatic function (8) (9) (10) (11) (12) (13) . By performing parallel deep mutational scanning experiments on proteins differing by a single mutation, these studies have also begun to provide insight into mutational epistasis (14) (15) (16) (17) (18) (19) . Additionally, experiments analyzing how sequence enrichment changes with selection pressure have revealed how environmental conditions influence the relative impact of mutations on fitness (20) . Recent studies have begun to apply this knowledge to protein engineering (21) (22) (23) (24) , although generalizable design rules have not yet been established.
During evolution, genomic rearrangements can alter protein structure and function by altering length and contact order (25) (26) (27) . The functional consequences of these types of topological mutational lesions can be studied in vitro by applying deep mutational scanning to combinatorial libraries created in the lab (28) . A recent study employed deep sequencing to analyze the functional consequences of randomly inserting a ligand-binding domain into the RNA-guided DNA endonuclease Cas9 (29) . Backbone insertion sites were identified in Cas9 that yielded allosteric protein switches whose gene editing activities depend upon ligand binding to the inserted domain (29) . This domaininsertion profiling has also been applied to a green fluorescent protein to accelerate the creation of fluorescent protein biosensors for applications in metabolite sensing (30) . These studies have demonstrated the power of using deep mutational scanning to identify hot spots that are most likely to yield folded proteins when engineering new biomolecules. However, deep mutational scanning has not been applied to libraries encoding circularly permuted proteins (31, 32) , i.e. proteins of similar length that differ in their arrange- In the orientation that is designated as parallel, the regulatory elements, i.e. promoter (P c ) and RBS, and the permuted genes are in the same orientation. When an ORF is parallel and in frame, a circularly permuted protein is expressed with an 18-residue peptide amended to the new N-terminus. In the antiparallel orientation, the regulatory elements and the permuted AK genes are in different orientations such that the antisense strand of each permuted gene is transcribed. In this case, the permuted protein cannot be translated.
ments of primary structure. Libraries encoding circularly permuted proteins are frequently used in the design of protein switches through domain insertion (33) (34) (35) (36) , so a better understanding of permutation tolerance would be synergistic to information gleaned from domain-insertion profiling.
Bioinformatic studies have provided evidence that genomic rearrangements that alter protein length, e.g. gene duplication followed by gene fission, underlie the evolution of circularly permuted proteins in nature (37) . Unfortunately, the approaches used to discover circularly permuted proteins have not provided a complete understanding of protein tolerance to permutation because they utilize sequences and structures after natural selection has occurred (38, 39) . An alternative way to study this type of mutational lesion is to create combinatorial libraries of vectors that express different circularly permuted variants of a protein and to analyze the functions of those variants using biochemical and cellular methods. Biochemical approaches provide detailed insight into the folding, stability and activity of individual permuted proteins (40) . However, these methods are slow and arduous to perform, and they cannot be easily implemented to provide insight into all permuted variants of a protein in parallel. In contrast, when cellular approaches are coupled to screens and selections (31, 32) , data can be rapidly generated about multiple variants in parallel. While high-throughput selections have been used for permuted protein discovery, they have not yet been coupled to deep sequencing to generate comprehensive profiles quantifying the enrichment of individual variants in a combinatorial library.
Here we develop a method to profile a protein's tolerance to circular permutation, using an adenylate kinase (AK) as a model system. We first show that a library of circularly permuted genes can be created in a single step using a onestep transposition protocol (Figure 1 ), which is simplified compared with previous approaches (41) (42) (43) (44) . We then characterize the sequence diversity in the library before and after selection for variants that retain biological activity, and we apply a simple computational approach to show how this sequence information can be used to generate a map of protein tolerance to circular permutation.
MATERIALS AND METHODS

Library construction
A previously described transposase method was modified to create our combinatorial library (41) . The pMT2 vector (880 ng) was linearized using BglII, the product was run on a 0.8% agarose gel and the 1.8 kb permuteposon P1 was excised and gel purified using a Zymoclean Gel DNA Recovery Kit (Zymo Research). The gene for Thermotoga neapolitana AK was polymerase chain reaction (PCR) amplified to create an amplicon flanked by NotI sites and lacks a stop codon. The gene was cloned into a pET26b vector using Golden Gate assembly and sequence verified (45) . To generate a circularized AK gene, 4000 ng of this plasmid was digested with NotI overnight at 37
• C, agarose gel electrophoresis was used to separate AK gene from the vector backbone, the AK gene was purified, the gene (400 ng) was circularized through incubation with T4 DNA ligase for 16 h at 16
• C, and purified using a DNA Clean & Concentrator Kit (Zymo Research).
A mixture containing circular AK gene (350 ng) and linearized pMT2 (50 ng) was incubated with 1 unit of MuA transposase (Thermo Fisher Scientific) at 37
• C for 16 h. Following incubation at 75
• C for 10 min, DNA was purified using a DNA Clean & Concentrator kit and transformed into library grade MegaX DH10B Ultracompetent cells (Thermo Fisher Scientific) using electroporation. Cells were allowed to recover for 45 min at 37
• C while shaking before plating cells onto five LB-agar plates (150 × 15 mm) containing 25 g/ml of kanamycin. After incubation at 37
• C for 24 h, cfu were quantified visually. LB medium (3 ml) was added to each plate, colonies were scraped with a sterile cell spreader, the cell slurries were pooled, and the naïve library was purified using a QIAprep Spin Miniprep Kit (Qiagen).
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AK selection
The naïve library (300 ng) was transformed into Escherichia coli CV2 using electroporation (46) , cells were allowed to recover in SOC medium for 45 min at a non-selective temperature (30 • C) and cells were spread across five LB-agar plates (150 × 15 mm) containing 25 g/ml kanamycin. Plates were incubated at a selective temperature (42 • C) for 48 h, colonies were counted, cells were harvested and selected library DNA was purified. As a control, a circularized transposon lacking a phosphotransferase was transformed into E. coli CV2, spread on LB-agar plates containing 25 g/ml kanamycin and incubated at 30
• C and 42
• C for 48 h. With this control, growth was observed at 30
• C but not at 42
• C. In our permuteposon, the ribosomal binding site (RBS) used to initiate permuted protein translation is located adjacent to the transposon binding site, such that the genetic context remains constant across all variants in our combinatorial library. When analyzed using a thermodynamic model for translation initiation (47) , considering a 60 bp window encompassing the RBS site using version 1.0 of the software, this analysis yielded a calculate translation initiation rate value (40264 au) that corresponds to a strong RBS site. Based on the dilution of AP variants following selection, we estimate that three rounds of our selection protocol would be sufficient to create a selected library that lacks vectors containing non-functional AK variants.
Deep sequencing
Our unselected and selected libraries (≥700 ng) were digested with ClaI and PciI at 37
• C for 15 h to excise the circularly permuted AK genes. ClaI cuts ∼750 bp upstream of the permuted genes, while PciI cuts ∼150 bp downstream of the permuted gene. The permuted AK genes were separated from the vector backbone using 0.8% agarose gels, and the band encoding the permuted AK genes (∼1.6 kb) was excised and purified. All subsequent processing and sequencing was performed by the Baylor College of Medicine Genomic and RNA Profiling Core. The Nextera XT kit was used to fragment the DNA and attach sequencing adapters to the ends, and an Illumina MiSeq System was then used to collect short sequencing reads (150 bp).
Sequence analysis
Sequencing data were analyzed with a custom Python pipeline (Supplementary Figure S1) , which can be found at github.com/SilbergLab/CPP-seq and carries out the following operations. Total reads containing a permuteposon were first identified using a pair of 9 bp sequences (GC-CGCTCAA and TTGAGCGGC), which represent inverted repeat motifs found on the sense and antisense strands at the end of each permuteposon (Figure 2 ). To determine whether reads occurred at the beginning or end of the permuteposon, we included additional sequence directly adjacent to the 9 bp motifs. By adding 45 bp to our search so that the total permuteposon search motif was 54 bp, the sequences could be further resolved into reads of sequence at the different ends of the permuteposon. Reads including the start codon were designated 'start motif' reads, while reads including the stop codon were designated the 'stop motif' reads. Each of these motifs could also be further divided into sense and antisense reads.
To establish the permuted AK genes encoded by each variant, we next evaluated the first 11 bp of AK-derived sequence adjacent the 54 bp start/stop motifs and determined how they related to all possible 11 bp sequences within the AK gene. For the sequence reads corresponding to the permuteposon sense strand, every possible 11 bp sequence within the AK gene was counted adjacent to the start and stop motif sequences. Those 11 bp sequences that corresponded to the AK sense strand were designated as P variants, while those from the antisense strand were designed AP. In the case of the permuteposon antisense strand reads, those 11 bp sequences that corresponded to the sense strand of the AK gene were designated as AP variants, while those from the antisense strand were designed P.
When MuA inserts the permuteposon, it duplicates 5 bp of the AK gene sequence such that the first 5 bp of each circularly permuted AK gene is also found at the end of the gene (48) . This duplication was used to simplify the identification of permuted proteins expressed by the vectors identified from our four types of P sequence reads, which included: (i) sense start motif, (ii) antisense start motif, (iii) sense stop motif and (iv) antisense stop motif reads. In the e76 Nucleic Acids Research, 2018, Vol. 46, No. 13 PAGE 4 OF 12 case of the start motif reads encoding P variants, the AKderived sequence adjacent to the permuteposon motif contains the codon that encodes the N-terminus of each circularly permuted protein. In the case of the stop motif reads encoding P variants, the 5 bp sequence adjacent to the permuteposon also represents the sequence at the beginning of each permuted gene, and the first AK codon in this motif encodes the residue at the beginning of those permuted proteins. A similar strategy was used to consider the reads corresponding to AP variants.
Statistical analysis
Two methods were used to analyze whether vectors were significantly enriched by the selection. Within our sequencing datasets, each circularly permuted gene can have four values: P-unselected, AP-unselected, P-selected and APselected. Using a two by two contingency table containing this data for each variant, we tested whether the ratio of selected to unselected P variants is equal to the AP variants using Fisher's Exact Test. This test can only establish a statistic value provided that cognate P and AP variants are observed in the unselected library, which was not the case for all of our variants.
To obtain statistics on P variant activity in cases where cognate AP variants were absent from the unselected library, we took a similar approach to the DESeq method (49) . DEseq was developed to analyze if there are significant changes in gene expression with RNA-seq and ChIPseq datasets, using no change as the frame of reference and the null hypothesis. With our dataset, we used the ratio of selected to unselected AP variant counts as a frame of reference for the expected effect of selective pressure as the null hypothesis instead of the no change null hypothesis that DESeq assumes. We modeled the AP variant counts (i = 1 to 223 for each unique variant) using a negative binomial model where we defined X i and Y i as the unselected and selected counts, respectively. In our model, the AP counts in the unselected library are defined as m i and the AP counts in the selected library are m i multiplied by a scalar dilution factor (β), such that
There are two global parameters shared by all the loci, βand γ . The former reflects the average selection effect on all the AP variants, and the latter reflects the overdispersion compared with Poisson distribution. β was estimated using sample median, and γ was estimated by assuming a negative binomial distributions for X i and Y i and then maximizing the likelihood. Using the estimated negative binomial distribution, the P-value of each P variant pair (X i , Y i ) was computed by conditioning on the sum of X i and Y i as outlined in equation eleven of DESeq (49) . Finally, P-values were adjusted for multiple testing using the Benjamini-Hochberg procedure.
Testing individual variants
In a previous study (52), we created vectors for assessing the cellular activity of individual circularly permuted AK that were generated in our e-PERMUTE library. These vectors were transformed into E. coli CV2 and plated on LB-agar plates containing kanamycin (25 g/ml) at 30
• C. Individual colonies arising from each transformation (n = 3) were used to inoculate LB liquid cultures containing kanamycin (25 g/ml), cultures were grown at 30
• C for 28 h and each overnight culture (1 l) was used to inoculate fresh 200 l cultures in a Costar 3595 flat bottom 96-well plate. Cell growth was then monitored at 42
• C using a Tecan M1000 plate reader every 10 min for 15 h using double orbital shaking.
RESULTS
One-step library construction
Previous studies have shown that the transposase MuA can be used to create libraries of vectors that express circularly permuted variants of a native protein by inserting synthetic transposons into a gene encoding the protein of interest (41) (42) (43) (44) . One advantage of these approaches is that they yield vectors that express proteins lacking deletions and duplications that can arise with other methods (50) . However, all of the transposase methods that have been reported to date require multiple DNA manipulation steps, which limits their sampling efficiencies. For example, Permutation Using Transposase Engineering (PERMUTE) uses MuA to randomly insert a synthetic transposon containing all of the attributes of a vector (called a permuteposon) into a temperature-sensitive vector containing the gene being targeted for permutation (41, 43) . Only a fraction of the reaction products ultimately yield a desired product because the permuteposon must be inserted within the gene of interest to yield the desired DNA products. Many of the transposition events lead to insertion of the permuteposon within the vector backbone, rather than the gene of interest. Furthermore, the temperature-sensitive vector must be excised after performing the transposition reaction, and the resulting DNA must be circularized through ligation to yield the final library. An additional limitation with these libraries is the sequence bias associated with the MuA transposition reaction (48) .
We sought to improve upon the PERMUTE method by decreasing the number of steps required for library construction. As shown in Figure 1 , we hypothesized that a transposase reaction could be used to create libraries in a single step that sample the vast majority of possible circularly permuted variants without requiring a temperature-sensitive vector. In this enhanced-PERMUTE (e-PERMUTE) approach, we used MuA to randomly insert a permuteposon directly into a circularized gene encoding the target protein. This library construction approach is expected to experience the same sequence biases arising from the MuA transposition reaction. However, it avoids undesired off-pathway transposition reactions in the vector backbone, and thus, samples only the desired transposition reactions.
To evaluate e-PERMUTE, we built a library of vectors that express different circularly permuted variants of T. neapolitana AK (51), a thermostable phosphotransferase. The circular AK gene was synthesized by digesting a previously described vector (pMM1) with NotI (41), purifying the linear AK gene, and circularizing the gene through ligation. The circular gene lacked a stop codon and had the first and last codons connected by a NotI restriction site followed by an adenine. This sequence encodes a tripeptide The data generated by MiSeq analysis, including the total sequence reads having the bar code corresponding to the unselected and selected libraries, the number of reads that contain a 9 bp motif in the permuteposon (GCCGCTCAA and TTGAGCGGC), either the 54 bp start or stop motifs shown in Figure 2 , and a start or stop motif and at least 11 bp of adjacent AK gene sequence. Among the variants containing a start (or stop) motif and 11 bp of adjacent AK sequence, we list the number of P and AP that are in frame, −1 frame, and +1 frame.
(Ala-Ala-Ala) that ultimately connects the original N-and C-termini of AK within each circularly permuted protein.
To generate the vector library, the circular AK gene was incubated with a permuteposon and MuA. In the permuteposon used for this study, named P1 (52), the RBS that drives translation initiation is adjacent to the transposase-binding site (TBS), such that protein translation adds an 18-amino acid polypeptide, encoded by the TBS, to the N-terminus of every circularly permuted protein variant (41) . A smaller two amino acid scar is amended to the C-terminus of every variant, whose identity depends upon the location of insertion since these extra residues arise from a 5 bp duplication generated during the MuA insertion reaction (48) . P1 was chosen instead of permuteposons that add smaller peptides to the N-terminus, because it is thought to maintain more consistent translation initiation across all variants in the library (52) .
To assess the diversity of expression vectors generated by our protocol, the product of the transposase reaction was transformed into E. coli, cells were spread onto agar plates containing vector-selective medium, and colony forming units (cfu) were quantified following an overnight incubation. This protocol yielded ∼164 000 cfu. Before plating, the cells were allowed to double, so the number of unique colonies was 82 000. We next harvested these colonies, purified the vectors from pooled cells and analyzed the fraction of vectors containing permuted genes using agarose gel electrophoresis. Two distinct vectors were observed in the library (Supplementary Figure S2) . One vector has a size consistent with the desired AK expression vectors, while the other had a size consistent with that of a permuteposon lacking an AK gene. These vectors presented similar intensities, indicating that only half of the unique colonies from the transformation (41 000 cfu) represent the desired vector library.
Sequence analysis of the unselected library
To isolate DNA for deep mutational scanning, we separated the vectors containing permuted AK genes from those lacking AK genes, excised only those DNA fragments containing the permuted AK genes and adjacent permuteposon sequence (Supplementary Figure S3) , barcoded the DNA and analyzed the DNA sequences using MiSeq (53) . This analysis yielded 3 477 712 total reads. Table 1 shows the abundance of reads containing permuteposon and AK-derived sequences. Among these reads, only ∼11.6% (402 805) contained the 9 bp inverted repeat sequences (GCCGCTCAA or TTGAGCGGC) that are found at both ends of every permuteposon and adjacent to every permuted AK gene (Supplementary Figure S2) . We chose this 9 bp sequence for our analysis because it represents the shortest motif that is unique within all of the variants created by e-PERMUTE.
With e-PERMUTE, two types of circularly permuted AK genes are generated. In one case, the coding sequence is found on the same strand as the promoter, which we designate the parallel (P) orientation (Figure 1 ). In the other case, the coding sequence is on the complementary antisense strand, which we designate the antiparallel (AP) orientation. Only those vectors having the P orientation are able to transcribe and translate an AK variant. One challenge with analyzing our sequence data is identifying the orientation of each permuted gene relative to the permuteposon. Because the R1R2 and R2R1 transposase binding sites found at each end of the permuteposon are inverted repeats sharing the same sequences, the short 9 bp sequence flanking the permuted genes was not sufficient to determine the orientation of transposon within the AK gene. To identify whether genes were P or AP, larger unique 54 bp sequence motifs ( Figure 2 ) were used to determine if sequence reads initiated within the end of the permuteposon contain the start codon (start motifs) or stop codon (stop motifs).
Among the 402 805 reads containing a unique 9 bp permuteposon sequence, 42.6% contained the start motif and 31.4% contained the stop motif. To identify the circularly permuted AK genes found in these sequence reads, we compared the gene sequence adjacent to the start and stop motifs with all possible 11 bp sequences in the circular AK gene (sense and antisense). Among the 298 707 reads that contained either the start or stop motif, 86% contained 11 bp of adjacent sequence that were identical to some region of the AK gene. We next compared the relative abundances of each possible permuted gene in the P and AP orientation ( Figure  3A ). We found that the genes with the highest prevalence in both orientations arose from permuteposon insertion at the same locations within the AK gene. These findings are consistent with previous studies, which found that MuA insertion efficiency depends upon DNA sequence and is independent of orientation (48) . We also analyzed the relative abundance of each in frame sequence in our library, since in frame P variants are able to translate a circularly permuted AK. In total, 114 754 in frame sequences were observed among the reads that contained a start or stop motif. This number represents 45% of the total sequence reads that contained either the start or stop motif and adjacent AK-derived sequence. We found that the number of occurrences of each unique variant varied by over three orders of magnitude ( Figure 3B ). The observed enrichment of the in frame variants (45%) over the value expected for an unbiased library (33%) is thought to occur because this frame had the most abundant individual variants in the library. In this frame, the permuted AK gene that started with the codon for Ala209 occurred 7 906 times in the P orientation and 8 377 times in the AP orientation, with the sum of these two variants representing 7% of the total sequence reads having a start (or stop) motif adjacent to 11 bp of AK gene sequence.
Among the in frame permuted gene sequence reads in our naïve library, 51.8% were in the P orientation, while 48.2% encoded permuted AK genes in the AP orientation. In addition, a subset of the possible in frame variants were not observed in our sequences. Approximately 29% (n = 64) of the possible 223 P variants were absent from the naïve sequencing data, while 34% (n = 75) of the possible AP variants were not observed. This sampling of possible variants is similar to that previously achieved with domain insertion profiling (29, 30) , a method that also uses transposon mutagenesis to create combinatorial libraries.
Effect of selection on sequence diversity
To identify the subset of vectors in our library that encode active circularly permuted AK, we transformed our library into E. coli CV2, a strain with a temperature-sensitive AK that displays growth defects above 40
• C (46) and selected for vectors that complemented growth at 42
• C. The chromosomally encoded AK in this strain has a Pro87Ala mutation (46) , whose activity at 42
• C is not sufficient to maintain cellular energy homeostasis. After incubation at the selective temperature for two days, >10 5 colonies were observed and harvested, vector DNA was purified from pooled cells, and this DNA was subjected to deep sequencing using MiSeq. MiSeq analysis yielded 3 934 541 total reads, ∼1.1× more than the unselected library. The prevalence of different types of reads are compared with the unselected li- brary in Table 1 . Among these reads, 528 526 contained one of the 9 bp inverted repeat sequences (GCCGCTCAA or TTGAGCGGC) in the permuteposon that is adjacent to every permuted AK gene. In addition, 66% of these reads contained 11 bp of adjacent sequence that were identical to some region of the AK gene, either the sense or antisense gene sequence. We next identified those sequence reads that contained in frame AK genes. Among the reads from the selected library, in frame AK genes were observed in 94% of the reads, compared with 45% in the unselected library. In contrast to the unselected library, which presented similar abundances of P and AP variants, the vast majority of the selected reads (99.5%) encoded circularly permuted genes in the P orientation ( Figure 3C ). The relative abundance of the different P variants spanned four orders of magnitude ( Figure 3D ). Among the P variants, one circularly permuted AK gene was observed 92 915 times. This permuted gene encoded the permuted AK variant whose sequence started with Ala209. In total, 79 of the possible in frame P variants were absent from this sequencing data. In the case of the AP variants, the most abundant selected sequence was only observed in 224 of the reads, which corresponded to the most abundant permuted gene in the P orientation. In total, 138 of the possible in frame AP variants were absent from the selected sequencing data.
A comparison of the P sequences in the naïve and selected libraries revealed differences in the identities of the variants observed. Twelve of the variants observed following selection were among the 64 P variants that were absent from the naïve library. This finding indicates that these twelve variants were present in our original library but not sufficiently abundant to be detected in our deep sequencing analysis. Taken together with the detection of 159 unique P variants in the unselected library, the detection of 12 additional variants post selection indicates that at least 171 vectors that express permuted AK were sampled in our original library out of 223 total possible in frame and P variants (77%).
As shown in Figure 3 , a unique feature transposonmediated library construction methods like e-PERMUTE is the generation of equal proportions of cognate P and AP variants that represent paired data across the broad range of initial sequence frequencies found in the naive library. In these libraries, the AP variants provide an internal frame of reference for evaluating the effect of the selection on their cognate P vectors. These AP vectors cannot express a circularly permuted protein and should not be enriched by the selection. Instead, the AP variants are expected to be uniformly diluted by the selection such that their relative abundances remain similar. The AP representation in the total population (AP + P variant counts) becomes lower as cells expressing active AK grow and take over the population during the selection. To test this idea, we quantified the abundance of every AP variant in the selected library and compared these values with those observed in our library before selection (Figure 4) . We found that the abundance of these AP variants uniformly decreased. In contrast, the abundances of the P variants were differentially affected by the selection. These differences were also visualized by plotting the abundances of each gene in the P and AP orientations before and after selection ( Figure 5A ). With the unselected variants, the P and AP abundances are proportional, yielding a strong linear correlation (R 2 = 0.97). In contrast, the abundances of the selected P variants deviate from this trend. These findings demonstrate that the dilution of the AP variants upon selection can be used as a frame of reference to identify P vectors that are significantly enriched by the selection.
To visualize how the selection influenced the relative abundances of P and AP variants, we compared the number of reads observed for every variant before and after selection ( Figure 5B ). In the case of the AP variants, a strong linear correlation was observed between the abundances of each variant before and after selection (R 2 = 0.95). This line is shifted from the trend expected (1:1) if the selection had no effect on AP abundance, illustrating how the negative selective pressure uniformly diluted the vectors harboring AP variants. This analysis also suggested that a large fraction of the P variants are enriched relative to the AP variants, with some of the P variants being enriched three orders of magnitude over that observed with the AP variants following the selection.
One challenge with our deep mutational scanning data is establishing which of the P variants are biologically active. To identify active AK variants, we sought to determine which of the P variants present changes in abundance that are significantly different from the AP variants. Because the relative abundances of each unique permuted gene was similar in the P and AP orientation before selection, we generated a two by two contingency table containing abundance information about each circularly permuted gene before and after selection in the P and AP orientations. Using the data for each circularly permuted gene, we analyzed whether the ratio of the selected to unselected abundances is equal in the P and AP orientations using Fisher's Exact Test. We initially chose this approach because vectors containing an AK gene in the AP orientation presented uniform dilution upon selection ( Figure 5 ), consistent with these vectors being unable to transcribe and translate a circularly permuted AK. With this statistical test, we obtained evidence that 56% (n = 96) of the total variants sampled (n = 171) present ratios of selected to unselected sequence reads that are higher in the P orientation compared with the AP orientation (P-values < 0.01).
Fisher's Exact Test cannot assess biological activity of P variants whose sequences were observed in the selected library in cases when their cognate AP variants are absent from the unselected and selected libraries (n = 15 for the in frame variants). Additionally, this test cannot assess biological activity when the P and cognate AP variants are both absent from the selected library (n = 27 for the in frame variants), even if they are present in the unselected A B library. Because of this limitation, we used a negative binomial distribution to model the mean and variance of the ratio of AP variant abundances before and after the selection, i.e. log 2 (fold change). We used the mean and variance from this model to investigate which of our P variants were significantly enriched by the selection (two tailed t-test, P < 0.01). With this analysis (Figure 6 ), 65.5% of the P variants (n = 112) sampled in our library (n = 171) presented log 2 (fold change) ratios of selected to unselected sequence reads that were higher in the P orientation compared with that modeled for the AP orientation (P-values < 0.01). Using this global error fitting approach, we were able to assess the significance of an additional ∼19% of the possible variants (n = 42) that weren't accessible using Fisher's Test alone. Among these 42 variants, <25% (n = 10) were significantly enriched. These ten variants all presented increases in P counts following the selection but had no AP observed before and after selection. Additionally, the p values generated by Fisher's test and the negative binomial model presented a strong linear correlation (R 2 = 0.99, Supplementary Figure  S4) .
To determine the robustness of our method for identifying permuted proteins that are biologically active, we compared the log 2 (fold change) values of thirty one variants with the ability of those variants to complement the growth of E. coli CV2 in liquid growth. With this analysis, we observed a linear correlation between log 2 (fold change) in our deep sequencing data and growth analysis of individual variants ( Figure 7A ) using vectors that were previously reported (52) . This analysis also shows that the Pvalues obtained from circular permutation profiling with DNA sequencing (CPP-seq) correlate with growth complementation of the individual variants. Permuted AK yielding the strongest complementation had the smallest P-values, while those presenting the weakest complementation presented the largest P-values.
To generate a profile that relates circular permutation tolerance to primary structure, we designated in frame permuted AK variants as active if we observed a significant enrichment upon selection, defined as variants presenting a P < 0.01. Mapping the first residue in biologically active variants onto AK structure, as well as their log 2 (fold change) upon selection, reveals that new protein termini were functionally tolerated at distal locations within the overall structure ( Figure 7B ). In addition, new protein termini were tolerated in all three domains, including the AMP binding, core and lid domains. The regions of the native AK structure that appeared most tolerant to harboring new protein termini following circular permutation included: (i) the residues adjacent to the original N-and C-termini, (ii) residues within the mobile AMP binding domain and (iii) residues found within the portion of the core domain that is located between the two mobile domains. The log 2 (fold change) upon selection for the AP variants is shown as a frame of reference (Supplementary Figure S5) .
Analyzing out of frame variants
In our library, only one third of the possible P variants have the permuted AK gene in the same frame as the intended start codon, which is encoded by the permuteposon. This trend occurs because the permuteposon is inserted in all three frames of the circular gene when constructing the library. Because previous studies have shown that proteins can be translated even when they are out of frame of an intended start codon (54), we investigated if any of the out of frame P variants were enriched by our selection compared with the AP variants.
The abundances of out of frame variants before and after selection is shown in Supplementary Figure S6 . Prior to the selection, the abundances of the P sequence reads in the +1 (42 719) and −1 (21 909) frames were similar to the in frame reads (59 494) . In each alternative frame, the fraction of P variants was also similar to that observed with the in frame variants, which presented 52% P before selection. Among the variants in the +1 frame, 52% were in the P orientation, while 55% of the variants in the −1 frame were P. A plot analyzing the relative abundances of the out of frame variants in the P and AP orientations revealed linear trends before and after selection (Supplementary Figure S7) , although some variants displayed a small enrichment by the selection. This enrichment of the out of frame variants was also visualized by comparing the counts of the selected and unselected P and AP variants (Supplementary Figure S8) . This analysis revealed that some P variants were significantly enriched by the selection, i.e. presented P-values < 0.01. While a small enrichment was observed for some out of frame P variants (Supplementary Figures S9 and 10) , the magnitude of this enrichment was much lower on average than the in frame variants. Furthermore, the dispersion of enriched variants appears more randomly dispersed throughout the primary structure.
DISCUSSION
Our results provide evidence that libraries encoding circularly permuted variants of a gene can be made through a simplified one-step enzymatic method called e-PERMUTE. This new approach is similar to PERMUTE, but it requires fewer manipulations to generate a library. In addition, a larger fraction of the transposase reaction products from e-PERMUTE contain permuteposons inserted within the gene of interest. Alternative methods have been described for creating libraries of vectors that express circularly permuted variants of a protein, including nucleaseand PCR-based approaches. In contrast to nuclease methods, which create permuted genes encoding proteins with random deletions of primary sequence proximal to their new termini (31, 32) , e-PERMUTE generates libraries encoding full-length permuted genes that lack deletions. Like e-PERMUTE, PCR-based methods can avoid these deletions by amplifying a portion of a gene fusion (55) . However, these methods increase the likelihood of creating point mutations within permuted genes in a library because they utilize DNA polymerases that can introduce errors, and they do not generate the AP frame of reference for each gene like e-PERMUTE.
Deep mutational scanning of an e-PERMUTE library revealed that 77% of the possible vectors that are capable of expressing full-length circularly permuted AK variants (i.e. P genes that are in frame) were present in our library. Our library additionally sampled a large fraction of e76 Nucleic Acids Research, 2018, Vol. 46, No. 13 PAGE 10 OF 12 the out of frame P variants, which could express truncated permuted proteins through alternative start sites and ribosomal frameshifting (56) . This idea is supported by our finding that a subset of the out of frame P variants are significantly enriched by the selection. The protein that we targeted is similar to the average size of many prokaryotic proteins (57), so these findings suggest that CPP-seq can be applied to diverse proteins in cases where high-throughput selections or screens are available for enriching active variants (58) . Our results also suggest that CPP-seq could be further improved by creating unselected libraries that have larger numbers of degenerate sequences. Three approaches can be used to accomplish improved sampling in future studies. First, the transposon insertion reaction could be scaled up to obtain a larger number of colonies from the transformation, and a larger number of unique colonies can be sampled during the bacterial transformation step used to generate the naïve library. Second, a larger number of sequence reads can be obtained when analyzing the library using MiSeq, and multiple MiSeq experiments can be performed to improve the sampling of low abundance variants before and after selection. Third, the target gene sequence could be optimized to avoid sequence motifs that represent MuA hot spots (48) .
Our results demonstrate that MuA inserts permuteposons at diverse locations within DNA, yielding variants with abundances spanning over three orders of magnitude, similar to previous observations with distinct artificial transposons (48) . Even though our naïve library contained a large sequence bias, we were able to demonstrate that >65% of the unique P vectors that were sampled express circularly permuted AK that are biologically active even though they have a large eighteen amino acid peptide amended to their N-terminus. This value indicates that 50% of all possible permuted AK retain biological activity. As with other deep mutational scanning studies (1-4), this analysis was accomplished by quantifying the ratio of abundances for every possible variant before and after the selection. Because every circularly permuted gene exhibited similar abundance in the P and AP orientation, we initially used Fisher's Exact Test to evaluate whether the ratio of their abundances were altered by the selection. This approach can be applied to other libraries created using transposon mutagenesis, such as domain insertion and split protein libraries (29, 30, (59) (60) (61) (62) . However, this statistical approach is limited by the requirement that at least one AP sequence be observed within the naïve library. Because our naïve library did not present exhaustive sampling of each unique P and AP variant, the mean dilution of AP vectors and their variance was modeled using a negative binomial distribution (49) , and the values obtained from this model were used to determine which P variants were biologically active.
A comparison of AK structure with the in frame P sequences significantly enriched by the selection revealed that circularly permuted variants with the greatest enrichment initiate translation using native AK residues that cluster within different regions of the primary structure. Not surprisingly, highly enriched clusters of sequences were observed with N-terminal residues that cluster near the termini of native AK, with the largest cluster observed within the last two dozen residues within the core domain. This result is similar to previous studies (32, 63) , which have demonstrated that proteins often display a high tolerance to permutation when backbone fission occurs near the native protein termini. Additionally, a large cluster of highly enriched variants was observed within the mobile AMP binding domain, and smaller clusters occurred within the middle of the core domain region that connects the two different mobile domains. The underlying cause of these trends is not known, although they are not expected to arise from changes in translation initiation. The RBS used to initiate protein synthesis is adjacent to the large R1R2 sequence, which is unchanged in all of our expression vectors, and calculations of RBS strength using a thermodynamic model yields identical values corresponding to a strong RBS for every P and in frame variant in our library (47) .
Structural and enzymatic studies have provided evidence that the AMP binding and lid domains undergo large conformational motions as AK cycles between substratebound and substrate-free conformational states (64) (65) (66) , and the opening of these domains is thought to be ratelimiting for AK catalysis (67) . The paucity of active, circularly permuted AK with new protein termini within the lid domain suggests that this mobile domain is particularly sensitive to mutations that increase conformational fluctuations. Consistent with this trend, a previous biochemical study found that point mutations (valine to glycine) that increase conformational fluctuations have deleterious effects on AK and substrate binding even though they do not alter the ground state structure (68) . Why the mobile AMP binding domain differs from the mobile lid domain in its tolerance to these types of mutations is not clear and will require future biochemical studies that compare the structure and stability of circularly permuted variants with new protein termini in each of these domains.
In future studies, it will be interesting to apply CPP-seq to protein orthologs with divergent sequences, stabilities, and activities. By comparing the circular permutation tolerance of structurally related proteins using more comprehensive sampling of sequences, CPP-seq can be used to examine how the profiles generated by this approach relate to the protein stability as well as the linkers used to connect the original protein termini. Furthermore, by evaluating how circular permutation tolerance changes with temperature or other environmental conditions, combinatorial experiments can be used to establish how selection pressure influences the impact of circular permutation on protein structure and function.
DATA AVAILABILITY
The CPP-seq processing code can be found online at: github.com/SilbergLab/CPP-seq.
Illumina sequencing data has been submitted to the NCBI Sequence Read Archive (SRA) under accession numbers SRR6327683 (unselected) and SRR6327684 (selected).
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